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Abstract Multi-spacecraft observations are used to study the in-situ effects of
a large CME erupting from the farside of the Sun on 3 November 2011, with par-
ticular emphasis on the associated solar energetic particle (SEP) event. At that
time both Solar Terrestrial Relations Observatory (STEREO) spacecraft were
located more than 90 degrees from Earth and could observe the CME eruption
directly, with the CME visible on-disk from STEREO-B and off the limb from
STEREO-A. Signatures of pressure variations in the corona such as deflected
streamers were seen, indicating the presence of a coronal shock associated with
this CME eruption. The evolution of the CME and an associated EUV wave
were studied using EUV and coronagraph images. It was found that the lateral
expansion of the CME low in the corona closely tracked the propagation of the
EUV wave, with measured velocities of 240±19 kms−1 and 221±15 kms−1 for
the CME and wave respectively. Solar energetic particles were observed arriving
first at STEREO-A, followed by electrons at the Wind spacecraft at L1, then
STEREO-B, and finally protons arriving simultaneously at Wind and STEREO-
B. By carrying out velocity-dispersion analysis on the particles arriving at each
location, it was found that energetic particles arriving at STEREO-A were re-
leased first and the release of particles arriving at STEREO-B was delayed by
around 50 minutes. Analysis of the expansion of the CME to a wider longitude
indicates that this delay is a result of the time taken for the edge of the CME to
reach the footpoints of the magnetic-field lines connected to STEREO-B. The
CME expansion is not seen to reach the magnetic footpoint of Wind at the time
of solar particle release for the particles detected here, suggesting that these
particles may not be associated with this CME.
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1. Introduction
Solar energetic particle events tend to fall into two broad categories: impulsive
and gradual, as first described by Reames (1993). Impulsive events have been
identified from the acceleration of particles in a small region on the Sun, such
as a solar flare, and produce short-duration events (several hours) over a narrow
longitudinal range. Gradual events are commonly identified with acceleration
from a wider source region, such as CME-driven coronal shocks or interplanetary
shocks. These gradual events can have a duration of days and are often associated
with Type II radio bursts. As noted by Kahler (1994) and Tylka et al. (2003),
gradual event SEPs are released initially close to the Sun as the shock reaches
around ≈3 – 10 solar radii. Once released, the accelerated particles propagate
out along the magnetic-field lines, with the longitudinal spread of the resulting
SEP event dependent on how broad the shock is.
It was generally assumed that the angular spread of the SEPs was at least
100 degrees (Cane and Erickson, 2003, Kallenrode et al., 1993) and Cliver et al.
(1995) used single-spacecraft observations to describe a farside flare with an
observed coronal shock that resulted in an SEP event with a spread of at least
150 degrees in longitude implying a coronal shock that may extend to up to 300
degrees. Observations of coronal and interplanetary shocks have improved our
understanding of wide SEP events. Interplanetary shocks can be as wide as 180
degrees in longitude (Cliver and Cane, 1996,Torsti et al., 1999), which provides
a very broad area for particle acceleration. Several signatures of shock formation
in the corona have been identified, such as deflected streamers (Cliver, Webb,
and Howard, 1999; Sheeley, Hakala, and Wang, 2000) and the layer of electrons
observed on the surface of the CME (Vourlidas et al., 2003). It has also been
shown that these can be observed directly, along with pressure waves and shocks
(Manchester et al., 2008).
Previous investigators have shown that characteristics of SEP events such as
particle intensities, anisotropies, and onset times can provide information about
the magnetic-field line connections, e.g. Torsti, Riihonen, and Kocharov (2004),
Bieber et al. (2005). Reames, Barbier, and Ng (1996) showed that the time–
intensity profile of gradual SEP events can provide information on the strength
of the shock and therefore the strength of the connection with the source region.
While particles accelerated by strong shocks are well connected to the source
region and give a fairly constant profile, those accelerated by weaker shocks are
poorly connected to the source region and yield a profile that decreases with
time.
The launch of the Solar Terrestrial Relations Observatory (STEREO: Kaiser
et al., 2008) mission has provided a far better chance to study SEP events
from multiple viewpoints. As the spacecraft separation increases, it has become
evident that SEP events can be detected over a far wider range of longitudes
than previously assumed, such as the event described by Dresing et al. (2012),
where a backsided source region produced an SEP event with a longitudinal
spread of up to 300 degrees. Rouillard et al. (2012) describe a wide SEP event
detected at L1 and at STEREO-A (at this time separated by 88
◦), caused by a
fast and wide CME. They observe a delay in the particle release time of particles
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Table 1. The detected onset times of various in-situ signatures studied, where they are
detected, and where possible, the release time from the Sun.
Time [UT] Event Position Release Time [UT]
22:10 CME and EUV wave backsided, visible from ST-B
22:20 Type III radio burst ST-A, -B & Wind 22:12
22:29 Electron onset ST-A
22:35 Type II radio burst ST-B 22:27
22:59 Proton onset ST-A 22:19±00:14
23:06 Electron onset Wind 22:47±00:15
23:15 Electron onset ST-B
23:41 Proton onset ST-B 23:00±00:08
23:41 Proton onset Wind
Figure 1. When different in-situ signatures that are detected at each spacecraft. The start
time of the plot is 22:10 UT, the time of the CME eruption.
arriving at L1, which they conclude is due to the time taken for the CME to
expand to the longitude of the magnetic footpoint connected to L1.
In the present study, the characteristics of a CME that erupted from the
farside of the Sun on 3 November 2011 are analysed. This CME was accompanied
by an EUV wave, and produced several in-situ signatures at 1 AU, including
energetic particles and radio bursts. A summary of the timings of the CME
and in-situ signatures is shown in Table 1 and Figure 1. At this time the
STEREO spacecraft were past quadrature and were separated by 152◦, 106◦
and 102◦ ahead and behind the Earth respectively. Figure 2 shows the positions
of STEREO-A, STEREO-B, and the Earth, along with the direction of the
erupting CME. The evolution of the CME and its associated EUV wave are
analysed here, allowing the arrival times of the energetic particles at STEREO-A
and STEREO-B to be explained.
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Figure 2. Positions of STEREO-A, STEREO-B, and the Earth on 3 November 2011
22:00 UT. The direction of the erupting CME is indicated by the black arrow and
the Parker spiral is also overlaid. This is a modified version of the plot found from
http://stereo-ssc.nascom.nasa.gov/cgi-bin/make where gif.
2. Instrumentation
For this study, data were utilised from multiple spacecraft and instruments in
order to investigate the global influence of the CME and its impacts in-situ. The
CME eruption was observed directly by the Sun–Earth Connection Coronal and
Heliospheric Investigation (SECCHI: Howard et al., 2008) instrument suite on
STEREO; the Extreme Ultraviolet Imager (EUVI: Wuelser et al., 2004) was used
to study the solar disk, with the CME propagation observed using the Cor-1 and
Cor-2 (Thompson et al., 2003) coronagraphs. The erupting CME was also tracked
using the Large Angle and Spectrometric Coronagraph experiment (LASCO:
Brueckner et al., 1995) onboard the Solar and Heliospheric Observatory (SOHO:
Domingo, Fleck, and Poland, 1995).
In-situ measurements were taken using the In-situ Measurements of Particles
and CME Transients (IMPACT: Luhmann et al., 2008) package of instruments
on the STEREO spacecraft. This includes the High Energy Telescope (HET: von
Rosenvinge et al., 2007), Low Energy Telescope (LET: Mewaldt et al., 2008),
and Solar Electron and Proton Telescope (SEPT: Mu¨ller-Mellin et al., 2008)
for energetic particle measurements. The SWAVES instrument (Bougeret et al.,
2008) on–board the STEREO spacecraft was used to measure radio bursts, along
with the equivalent instrument WAVES (Bougeret et al., 1995) on the Wind
spacecraft at L1. Wind also provided energetic particle measurements at L1 with
the Energetic Particles: Acceleration, Composition and Transport instrument
(EPACT: von Rosenvinge et al., 1995) for proton measurements and with the
3D Plasma Analyzer (3DP: Lin et al., 1995) for electron measurements.
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Figure 3. Running-difference images from Cor2-B, C2 (LASCO), and Cor2-A showing the
eruption of the CME as well as deflected streamers. The streamers appear in these running-dif-
ference images, indicating that they have moved from their previous position and have therefore
been deflected.
Figure 4. Radio measurements made by SWAVES at STEREO-A (top), STEREO-B (middle)
and WAVES on WIND at L1 (bottom). The Type II radio burst is visible in the middle panel
(STEREO-B) from approximately 22:35 – 00:10 UT. Type III radio bursts were also observed
at all three locations at around 22:20 UT.
3. Observations
The CME was observed on the disk by STEREO-B and on the western limb
of STEREO-A, with the eruption beginning at about 22:10 UT on 3 November
2011. In coronagraph images, it is seen erupting off the western limb of STEREO-
A and off the eastern limb of STEREO-B, indicating that the CME originated
at the farside of the Sun from the Earth. It is also observed from LASCO,
erupting off the eastern limb, consistent with observations of the erupting active
region on-disk in STEREO-B (see Figure 3). Height–time plots of STEREO-A
coronagraph observations give this CME a radial speed of 972 kms−1, which
should suffer from very small projection effects as the CME erupts off the limb
as viewed from STEREO-A.
Coronagraph observations of this CME show several signatures of pressure
variations, including deflected streamers. These are observed as streamers ap-
SOLA: prise2013.tex; 16 October 2018; 16:39; p. 5
Prise et al.
Figure 5. Percentage base-difference images of the EUV wave in 195 A˚ seen from 22:16 to
22:31 UT from STEREO-B. The white dashed lines indicate the region which was used to
generate the intensity profiles.
pearing in running-difference coronagraph images, as this shows that the stream-
ers have moved from their previous position. These deflected streamers appear in
the coronagraph images at roughly 00:24 UT, on the opposite limb to the CME
as seen in Figure 3. This suggests that the CME has an influence that extends
to the other side of the Sun. Figure 4 shows the radio measurements around the
time of this CME. A Type II radio burst, indicative of a shock, is detected by
SWAVES-B between 22:35 UT and around 00:00 UT. A Type III radio burst is
also visible at all three locations, at around 22:20 UT.
3.1. Propagation of the EUV Wave and Lateral CME Expansion
The EUV wave associated with this eruption was observed from STEREO-B be-
tween 22:16 and about 22:31 UT, travelling from the erupting active region, near
the eastern limb of STEREO-B, towards the middle of the disk. The direction
of the propagation of the wave and position of the erupting active region meant
that it was not observed by STEREO-A.
The propagation of the wave was measured using an intensity-profile tech-
nique (cf. Long, DeLuca, and Gallagher, 2011, Muhr et al., 2011, Long et al.,
2011). This method calculates the intensity of percentage base-difference images
of the Sun in a defined arc sector from the source of the wave, as shown in Figure
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Figure 6. Intensity profiles for the EUV wave (crosses) with the Gaussian fit of the wave
over-plotted.
5. The intensity is measured in several possible arc sectors and then the specific
arc sector chosen that detects the maximum number of pulse identifications, in
order to better track the propagation of the wave and ensure sufficient detections
to allow determination of accurate kinematics. A Gaussian model is then fitted
to the resulting intensity profile, allowing the determination of the position of
the pulse with time (Figure 6). The error in these positions is the full width
at half maximum of the Gaussian fitted to that pulse. The distance can then
be plotted against the time to find the wave speed, as shown in Figure 7. This
method only picked up the wave between 22:16 and 22:31 UT, propagating a
distance of about 200 Mm in that time. The wave speed was found to be 221±15
kms−1, where the error is due to the uncertainty in the fit of the distance–time
plot.
The lateral expansion of the CME was determined by tracking the CME edge
using polar plots of EUVI and Cor-1 images (see Figure 8). The expansion of
the CME lower down in the corona was tracked between 22:10 and 22:50 UT by
measuring the changing position angle of the edge of the CME over time, as seen
in the polar plots. From this, the distance that the CME has expanded is calcu-
lated and the velocity found from a distance–time plot, shown in Figure 9. In this
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Figure 7. Distance–time plot of the EUV wave. The distance is measured from the source
point of the wave, defined as the flare position. v is the velocity of the wave found from this
plot. The error bars are the FWHM of the Gaussian fit of the wave pulse from the intensity
plots.
Figure 8. A combined EUVI and Cor-1 polar plot. The lateral expansion speed of the CME
is calculated from the changing position angle of the edge of CME with time.
time the CME expanded by roughly 600 Mm. The position angle was measured
three times and the standard error in these three independent measurements
was used as to determine the uncertainty in the distance expanded by the CME.
The velocity of this expansion at the level of EUVI was found to be 240±19
kms−1, where the error comes from the uncertainty in the fit of the distance–
time plot. This velocity suggests that the expansion of the CME initially roughly
tracks the propagation of the EUV wave, as this speed is consistent with that
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Figure 9. Distance-time plot of the lateral expansion of the CME as measured from polar
plots of EUVI (left) and Cor-1 (right). The distance is determined using polar plots such as
those in Figure 8 and the velocities found are 240±19 kms−1 for EUVI and 674±38 kms−1
for Cor-1.
of the wave within errors and the CME edge appears to track the EUV wave
in images, as shown in Figure 10. The lateral expansion was also measured in
Cor-1 between 22:20 and 23:00 UT, using the same method with Cor-1 polar
plots. The CME was seen to expand by roughly 1200 Mm at this height and
the velocity was found to be significantly higher than the expansion speed from
EUVI polar plots, at 674±38 kms−1.
Figure 10. Combined EUVI-B and Cor1-B running-difference images showing that the EUV
wave visible in EUVI seems to track the expansion of the CME
3.2. Solar Energetic Particle Events
Solar energetic particles were detected at both STEREO spacecraft and at Wind
after the eruption of this CME. Energetic electrons arrived first at STEREO-A
at 22:29±00:09 UT followed by protons 30 minutes later. Accelerated electrons
were detected at Wind at 23:06±00:09 UT and STEREO-B at 23:15±00:07 UT,
and energetic protons then arrived at Wind and STEREO-B simultaneously at
23:41 UT.
The onset times were determined using the method described by Krucker
et al. (1999), where the background flux is subtracted and the curves normalised
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Figure 11. Velocity dispersion of particle onset times versus the reciprocal of the relativistic
β- function (β−1 = (v/c)−1). This uses the onset of protons at STEREO-A (dot–dash line)
and -B (solid line), and the onset of electrons at Wind (dashed line). The slopes of the fit lines
multiplied by c give the path lengths and the intercepts give the solar particle release (SPR)
times of the particles. The error in these fits yields the uncertainty in the derived SPR times
and path lengths.
in units of standard deviation. An upper limit for the onset time is then defined
as the time when this normalised flux first goes above 4σ. The actual onset time
is then taken to be the time increment after the latest time that the normalised
flux is negative prior to the upper limit. The difference between this onset time
and the upper limit is then the uncertainty in the onset time.
Energetic proton measurements were taken at the STEREO spacecraft using
the HET and LET instruments in three energy bins each between 13 and 100
MeV for HET (13 – 21 MeV, 21 – 40 MeV and 40 – 100 MeV), and 2.2 and 12 MeV
for LET (2.2 – 4 MeV, 4 – 6 MeV and 6 – 12 MeV). The proton measurements at
L1 were taken with the EPACT instrument on the Wind spacecraft in two energy
bins between 19 and 72 MeV (19 – 28 MeV and 28 – 72 MeV). Energetic electron
measurements at the STEREO spacecraft use the SEPT instrument, measuring
electrons in four energy bins between 0.03 and 0.47 MeV (0.03 – 0.06 MeV, 0.06 –
0.11 MeV, 0.11 – 0.24 MeV and 0.24 – 0.47 MeV). The electron measurements at
L1 use the 3DP instrument on the Wind spacecraft, which measures energetic
electrons in three energy bins between 0.02 and 0.225 MeV (0.02 – 0.048 MeV,
0.043 – 0.138 MeV and 0.127 – 0.225 MeV).
Velocity-dispersion analysis was carried out on the accelerated protons de-
tected at the STEREO spacecraft in order to determine the solar particle release
(SPR) time and path length of the protons. This analysis involves plotting the
onset times versus β−1 = (v/c)−1 for particles from different energy intervals.
The slope of the straight fit line multiplied by c gives the path length and
the intercept gives the initial SPR time. Velocity dispersion of protons arriving
at Wind was not carried out due to the fewer energy bins available; instead
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Figure 12. A reverse-intensity Carrington map of EUV observations made in 195 A˚ . The
magnetic footpoints of STEREO-A, STEREO-B and Wind are labelled, along with the source
position of the CME (white circles). The black stars show the position of the edge of the
CME, as calculated using the expansion speed from Cor-1A, at the SPR times of energetic
particles in the three locations. The black lines show the uncertainty in this position, due to
the uncertainty in SPR time and expansion speed.
velocity dispersion was done on energetic electrons arriving at Wind. This is
shown in Figure 11. The release time of protons at STEREO-A was found to be
22:19±00:14 UT, with a path length of 1.97±0.22 AU. By comparison the release
time at STEREO-B is delayed by around 50 minutes from the CME eruption
until 23:00±00:08 UT, which is during the Type II radio burst seen at STEREO-
B, with a path length of 1.89±0.13 AU. Velocity dispersion of electrons arriving
at Wind yielded an SPR time of 22:47±00:15, with a path length of 1.86±1.44
AU.
4. Discussion
By considering the expansion of the CME and the positions of the footpoints of
the magnetic-field lines connecting each spacecraft to the Sun, conclusions can
be drawn about the origin of the apparent delay in particle-release times and the
order of the particle onsets. Consistent with the work done by Rouillard et al.
(2012) it is found that the release time of particles arriving at each location
is dependent on the time for the CME to expand to the magnetic footpoints
of each spacecraft. The locations of these magnetic footpoints were calculated
using Parker spiral theory with the average solar wind speed measured in-situ
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at each spacecraft during the onset of the SEP events. Those speeds were ≈315
kms−1 at STEREO-A, ≈330 kms−1 at STEREO-B, and ≈265 kms−1 at Wind.
The footpoint of STEREO-A is the closest to the erupting active region, despite
this active region only being visible from STEREO-B. This can be seen from
Figure 12, a reverse-intensity Carrington plot with the magnetic footpoints of
STEREO-A, STEREO-B, and Wind indicated, as well as the source point of
the CME (white circles as labelled). As the CME expands it will therefore
reach the footpoint of STEREO-A first, so particles arriving at STEREO-A
have the earliest SPR time, as is observed. The CME should reach the footpoint
of STEREO-B next, as this is closer to the CME source region than the footpoint
of Wind, but instead the SPR time for SEPs arriving at Wind is observed to be
earlier than STEREO-B.
In the work done by Rouillard et al. (2012), the initial expansion of the CME
is approximated by the propagation of the EUV wave across the solar disk, as
seen in EUV running difference images. In this study an intensity-profile method
is employed, allowing for the wave to be tracked from 22:16 to 22:31 UT, which
includes the particle release time of protons detected at STEREO-A. The polar
plots at this height show that the CME was still expanding beyond this time
however, from the initial eruption at 22:10 UT until 22:50 UT. The measured
speed of the EUV wave was 221±15 kms−1. At this speed the wave, and therefore
the edge of the CME at this height in the corona, would not reach the magnetic
footpoints of any of the spacecraft by the respective SPR times.
However, the CME did demonstrate a much faster expansion at the level of
Cor-1, with the lateral expansion speed measured to be 674±38 kms−1. The
position of the edge of the CME at this height in the corona was estimated by
determining the distance that the CME had expanded with this speed, in the
time between the CME eruption time and the SPR time for each spacecraft
(22:19, 23:00 and 22:47 UT for STEREO-A, STEREO-B, and Wind respec-
tively). On Figure 12, the stars indicate the estimated position of the edge of
the CME at each of these SPR times, using this higher expansion speed. The
black lines indicate the uncertainty in this position using the uncertainty in the
speed of the expansion and uncertainty in the SPR time. Figure 12 shows that
the edge of the CME reaches the magnetic footpoints of both of the STEREO
spacecrafts at the time of its particle release within errors. This indicates that
the particles detected at STEREO-A and STEREO-B were released from the
Sun at the time that the edge of the CME reached the magnetic footpoints of
these spacecrafts, at the height of Cor-1. The edge of the CME does not reach
the footpoint connecting the Wind spacecraft to the Sun by the time of its SPR
time, however.
5. Summary and Conclusion
The evolution of this CME was studied from several viewpoints, both on the
disk and with coronagraphs. The CME erupted from the farside of the Sun, but
coronagraph images show deflected streamers appearing on the opposite side of
the Sun to the eruption site, indicating that the CME’s influence extends to the
SOLA: prise2013.tex; 16 October 2018; 16:39; p. 12
A CME and its Associated Solar Energetic Particle Event
other side of the Sun. Radio measurements at this time detected a Type II radio
burst at STEREO-B, which indicates the presence of a shock in this region.
The EUV wave associated with this CME was studied using an intensity-
profile technique, which only detected it for 15 minutes and determined the
wave speed to be 221±15 kms−1. The expansion of the CME across the Sun
is measured using polar plots of the Sun from EUVI and Cor-1 images and
demonstrates that the expansion of the CME lower down in the corona tracks
the propagation of the associated EUV wave. The speed of the CME expansion
is faster higher up in the corona at the height of the polar plots from Cor-1: at
674±38 kms−1 compared to 240±19 kms−1 at the level of EUVI polar plots.
SEP events were detected at all three locations: STEREO-A, STEREO-B,
and Wind, after the eruption of this CME, with protons and electrons arriving
first at STEREO-A despite the CME being viewed on the disk from STEREO-
B, but only off the limb from STEREO-A. Particle onset is then detected at
Wind, followed by STEREO-B soon after. A velocity-dispersion analysis was
carried out and showed that the SPR time is earliest for the particles arriving
at STEREO-A (22:19±00:14 UT), then Wind (22:47±00:15 UT), and finally
STEREO-B (23:00±00:08), 50 minutes after the eruption of the CME.
The expansion of the CME is used to estimate the position of the edge of
the CME on the Sun at the solar-particle release times of each spacecraft. The
footpoint of the magnetic-field line connecting STEREO-A to the Sun is seen to
be closer to the source location of the CME than the footpoint of STEREO-B.
If the particles are released only when the CME reaches the footpoint of the
spacecraft, this can explain why particles are observed at STEREO-A first.
By using the speed of the EUV wave to estimate the position of the CME,
it is found that the edge of the CME does not reach the footpoints of any of
the spacecraft at their respective SPR times. However, considering the faster
expansion speed of the CME at the level of Cor-1 polar plots, the edge of the
CME was shown to reach the footpoints of both STEREO spacecrafts at their
SPR times, but not the footpoint of the Wind spacecraft located at L1. This
implies that for the particles arriving at the STEREO spacecrafts, the particles
were released when the CME expanded higher up in the corona and reached
the footpoints of these spacecrafts. We therefore conclude that the delay in the
release time of the energetic particles at STEREO-B in relation to STEREO-
A can be attributed to the time for the CME to expand out to the magnetic
footpoint of STEREO-B at this higher altitude.
This work has attempted to explain the timing of energetic particles arriving
at multiple spacecrafts in relation to a CME with an associated EUV wave.
Rouillard et al. (2012) study a similar type of event and demonstrate that
the delay in particle release in the event can be explained by the time for the
CME expansion (approximated as the propagation of the EUV wave) to reach
the magnetic footpoints of the spacecrafts. However, while the CME lateral
expansion speed as measured in Cor-1 in this event is broadly consistent with
the observed delay in particle release times, the speed of the EUV wave in the
lower corona is not, and is not high enough to drive a shock in the lower corona.
Also, the expansion of the CME does not reach the footpoint of Wind by 22:47
UT (the release time for particles arriving at Wind), even taking into account
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the uncertainty in this SPR time. This suggests that the particles observed at
Wind are not associated with this CME, but originate from a different source.
More work on this event will be required to determine the cause of the ener-
getic particles arriving at Wind. In the few hours prior to this CME, the Sun
shows a lot of activity originating from a number of different regions across the
Sun, that could give rise to these particles.
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